Aminoacyl-tRNA synthetases (aaRSs) ensure faithful translation of mRNA into protein by coupling an amino acid to a set of tRNAs with conserved anticodon sequences. Here, we show that in mitochondria of Saccharomyces cerevisiae, a single aaRS (MST1) recognizes and aminoacylates two natural tRNAs that contain anticodon loops of different size and sequence. Besides a regular tRNA Thr 2 with a threonine (Thr) anticodon, MST1 also recognizes an unusual tRNA Thr 1 , which contains an enlarged anticodon loop and an anticodon triplet that reassigns the CUN codons from leucine to threonine. Our data show that MST1 recognizes the anticodon loop in both tRNAs, but employs distinct recognition mechanisms. The size but not the sequence of the anticodon loop is critical for tRNA Thr 1 recognition, whereas the anticodon sequence is essential for aminoacylation of tRNA Thr 2 . The crystal structure of MST1 reveals that, while lacking the N-terminal editing domain, the enzyme closely resembles the bacterial threonyl-tRNA synthetase (ThrRS). A detailed structural comparison with Escherichia coli ThrRS, which is unable to aminoacylate tRNA Thr 1 , reveals differences in the anticodon-binding domain that probably allow recognition of the distinct anticodon loops. Finally, our mutational and modeling analyses identify the structural elements in MST1 (e.g., helix α11) that define tRNA selectivity. Thus, MTS1 exemplifies that a single aaRS can recognize completely divergent anticodon loops of natural isoacceptor tRNAs and that in doing so it facilitates the reassignment of the genetic code in yeast mitochondria.
Aminoacyl-tRNA synthetases (aaRSs) ensure faithful translation of mRNA into protein by coupling an amino acid to a set of tRNAs with conserved anticodon sequences. Here, we show that in mitochondria of Saccharomyces cerevisiae, a single aaRS (MST1) recognizes and aminoacylates two natural tRNAs that contain anticodon loops of different size and sequence. Besides a regular tRNA Thr 2 with a threonine (Thr) anticodon, MST1 also recognizes an unusual tRNA Thr 1 , which contains an enlarged anticodon loop and an anticodon triplet that reassigns the CUN codons from leucine to threonine. Our data show that MST1 recognizes the anticodon loop in both tRNAs, but employs distinct recognition mechanisms. The size but not the sequence of the anticodon loop is critical for tRNA Thr 1 recognition, whereas the anticodon sequence is essential for aminoacylation of tRNA Thr 2 . The crystal structure of MST1 reveals that, while lacking the N-terminal editing domain, the enzyme closely resembles the bacterial threonyl-tRNA synthetase (ThrRS). A detailed structural comparison with Escherichia coli ThrRS, which is unable to aminoacylate tRNA Thr 1 , reveals differences in the anticodon-binding domain that probably allow recognition of the distinct anticodon loops. Finally, our mutational and modeling analyses identify the structural elements in MST1 (e.g., helix α11) that define tRNA selectivity. Thus, MTS1 exemplifies that a single aaRS can recognize completely divergent anticodon loops of natural isoacceptor tRNAs and that in doing so it facilitates the reassignment of the genetic code in yeast mitochondria.
protein synthesis | anticodon recognition
A minoacyl-tRNA synthetases (aaRSs) provide the ribosome with aminoacyl-tRNA substrates for protein synthesis (1, 2) . The ability of aaRSs to precisely match a particular anticodon sequence in tRNA with the cognate amino acid is critical to maintain fidelity of mRNA translation. The coupling of amino acids to tRNA is a two-step process. In the first step, an aaRS activates the amino acid with ATP, and in the second, it promotes the transfer of the aminoacyl group from the aminoacyl-AMP conjugate to the 3′-end of tRNA. To maintain fidelity during protein synthesis, an aaRS thus needs to select the correct amino acid and tRNA substrates from a large pool of structurally similar molecules in the cell. The active-site groove of the aaRS plays a role of the first selection sieve that prevents activation of most noncognate amino acids (3, 4) , and a cis-editing site (5) or free standing editing domain (6) (7) (8) further proofreads misactivated amino acids. In contrast, the selection of tRNA substrates depends on the ability of aaRSs to establish interactions with a unique set of identity elements present in a given tRNA (9, 10) . The major identity elements reside in the anticodon loop and the amino acid acceptor stem of tRNA (9) . Except for tRNA Ala (11) and tRNA Ser (12) , mutations in the anticodon loop result in significant loss of aminoacylation efficiency (9) , suggesting that the isoacceptor tRNAs must carry similar anticodon loops or else they would not be recognized by a given aaRS.
In the mitochondria of certain yeast species, including Saccharomyces cerevisiae, the CUN (N denotes A, U, G, and C) codons have been reassigned from leucine (Leu) to threonine (Thr). This is due to the presence of an unusual tRNA Thr 1 with an enlarged 8-nucleotide anticodon loop and a UAG anticodon (13) that typically reads the Leu codons. In addition to tRNA Thr 1 , yeast mitochondria also contain a canonical tRNA Thr 2 with a UGU anticodon that reads the standard Thr codons (ACN). It has been shown that the anticodon sequence of tRNA Thr 2 is essential for recognition by threonyl-tRNA synthetase (ThrRS). In particular, both bacterial and yeast cytosolic ThrRSs recognize G35 and U36 of the anticodon loop (14, 15) . Furthermore, the crystal structure of the Escherichia coli ThrRS-tRNA Thr complex reveals that G35 and U36 form specific interactions with residues of the anticodonbinding domain of ThrRS (16) . Taken together, these findings argue that an unusual S. cerevisiae mitochondrial tRNA Thr 1 might be recognized by a distinct ThrRS. However, we have recently shown that, in spite of the dramatic differences in their anticodon loop sequences, both tRNA Thr 1 and tRNA Thr 2 are aminoacylated with similar efficiencies by a single S. cerevisiae mitochondrial ThrRS (MST1) (17) . This raised an immediate question as to how MST1 is able to recognize the isoacceptor tRNAs that carry different size anticodon loops. Here, we provide structural and functional evidence that MST1 recognizes anticodon loops as the major identity elements in both tRNA Thr 1 and tRNA Thr 2 . The plasticity in substrate recognition allows MST1 to threonylate the unusual tRNA Thr 1 with an enlarged anticodon loop and a reassigned anticodon while maintaining activity for the canonical tRNA Thr 2 . This explains how a single aaRS is capable of recognizing completely different anticodon loops present in natural isoacceptor tRNAs.
Results
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Data deposition: Coordinates and structure factors for structures described have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 3UGQ, apo-MST1 highresolution crystal form; 3UGT, apo-MST1 low-resolution crystal form; 3UH0, MST1-TAM complex). in a manner resembling AlaRS and SerRS (11, 12) . Surprisingly, mutational and biochemical results show that the anticodon loops of both tRNA Thr species are recognized by S. cerevisiae MST1. To facilitate structural studies on the mechanism(s) by which MST1 recognizes distinct anticodon loops, we have determined a crystal structure of apo MST1. The tetragonal crystals, which contained a monomer of apo MST1 in the asymmetric unit, diffracted X-rays to 2.1-Å resolution. The crystal structure revealed that MST1, although lacking the entire editing domain in its N terminus, adopts a class II aaRS fold (Fig. 1A, Fig. S1 , and Table S1 ). At its N terminus, MST1 contains a large aminoacylation domain (residues 1-339) that presumably binds the amino acid substrate, ATP, and the acceptor arm of tRNA Thr (Fig. 1A) . The aminoacylation domain contains a zinc (Zn 2þ ) ion, which is coordinated with the side chains of Cys133, His184, and His319 ( Fig. 2A) . The presence of a tightly bound Zn 2þ suggests the location of the active-site groove, which catalyzes activation of threonine and the subsequent transfer of the threonyl group onto tRNA Thr (Fig. 1A, Right) . A smaller C-terminal domain of MST1 (residues 340-462) serves as the anticodon-binding domain that recognizes certain features in the anticodon loops in tRNA Thr isoacceptors (Fig. 1A) .
Although a monomer in the asymmetric unit, MST1 is a stable homodimer in solution like all other class II aaRSs (Fig. 1B) . The crystal packing analysis of all MST1 crystal forms also suggested that the enzyme is indeed in dimeric form. In the majority of known ThrRSs the homodimers are formed through head-to-head interactions between the aminoacylation domains. In the case of MST1, however, both the aminoacylation and anticodon-binding domains significantly contribute to the stability of the homodimer (Fig. 1B) . In particular, a long loop connecting helix α10 with the strand β17 (α10-β17 loop) in the anticodon-binding domain of one MST1 monomer interacts extensively with the residues in helix α2 and strand β3 of the aminoacylation domain of the other MST1 monomer (Figs. 1 A and B). This peculiar cross-subunit interaction stabilizes the MST1 homodimer and perhaps contributes to its compactness. Indeed, our analysis revealed that MST1 buries a significantly larger surface area on homodimer formation (approximately 10;000 Å 2 ) than the E. coli (5;340 Å 2 ), Staphylococcus aureus (6;560 Å 2 ), and Aeropyrum pernix ThrRS (7;720 Å 2 ). While it remains to be seen if this additional interaction has any physiolo- The results are the average of at least three repeats with standard deviations indicated.
gical significance, it is important to mention that α10-β17 loop interacts with elements of the aminoacylation domain that support the floor of the active-site crevice.
The fact that MST1 lacks the editing domain prompted us to speculate about the evolutionary origins of the enzyme. Several crystal structures of the prokaryotic orthologues are known, but only the ThrRS from an archaeon A. pernix lacks the editing domain. This led us to speculate that MST1 might be a structural descendant of the archaeal and not of the bacterial enzyme. However, the superpositioning of the aminoacylation and anticodonbinding domains of MST1 onto the corresponding domains in A. pernix [Protein Data Bank (PDB) ID code 3A32] resulted with an rmsd value of 2.3 Å (Fig. S2C) , whereas the same calculation using the E. coli (PDB ID code 1QF6) and S. aureus ThrRS (PDB ID code 1NYR) yielded much smaller rmsd values of 1.23 and 1.05 Å, respectively (Figs. S2 A and B) . Thus, our findings suggest that MST1 most likely evolved from the full-length bacterial ThrRS and not from the archaeal enzyme that lacks the cis-editing domain. The loss of the editing domain could be compensated by an unknown in trans editing factor, by higher amino acid specificity of the catalytic domain, or by a better tolerance of the Thr → Ser substitutions by the mitochondrial proteins.
Binding of Threonyl Adenylate Stabilizes the "Open" Conformation of MST1 and Induces Conformational Rearrangements in the Active Site that Are Important for Aminoacyl Transfer. The active site in the aminoacylation domain of all aaRSs promotes formation of the aminoacyl-AMP conjugate and the subsequent transfer of the amino acid onto the 3′ hydroxyl (or 2′ hydroxyl) group of A76 on the substrate tRNA. To provide further evidence that MST1 is a genuine ThrRS and to probe its mechanism of amino acid selection, we determined the crystal structure of MST1 complexed with a nonhydrolyzable analog of threonyl-AMP, threonyl sulfamoyl adenylate (TAM) (Fig. 2, Fig. S3 , and Table S1 ). The binary complex structure revealed that TAM binds in the presumed active-site crevice and that its binding promotes conformational rearrangements in the active site that are essential for the subsequent aminoacyl transfer reaction ( Fig. 2 and Fig. S3 ). On a global level, helix α4, strands β5 and β6, and the loop β5-β6 rotate approximately 10°counterclockwise around the vertical axis when the structure is oriented as in Fig. S3A . These three elements form a lid atop the active site, and their concerted movement yields an "open" conformation of the enzyme that presumably allows TAM to bind the active site (Fig. S3A) . Increased mobility in this part of the structure is reflected in a complete disorder of the β5-β6 loop on TAM binding (Fig. S3A) . However, because the same conformational change was observed in the apo-MST1 structure derived from another crystal form (see SI Results and Discussion and Fig. S4 ), we propose that TAM binding does not promote but rather stabilizes the open conformation of MST1.
Additional conformational rearrangements occur in the active site where TAM interacts with the Zn 2þ ion and a number of the amino acid side chains ( Fig. 2 and Fig. S3B ). The conserved residues Phe178 and Arg328 stack the adenine ring and place its amino group within a hydrogen bond distance from the carbonyl oxygen of Leu175 and the side-chain atoms of Glu164 (Fig. 2B) . The placement of the adenine ring is further stabilized by hydrogen bonds between its N1 and N3 atoms and the amide nitrogen of Leu175 and Oγ of Ser 325, respectively (not shown). Further, the O2′ and O3′ hydroxyls in the ribose form hydrogen bonds with the carbonyl oxygens of Gln287 and Val288, respectively (Fig. 2B) . These interactions stabilize the 3′ endo configuration of the ribose ring in TAM that is bound to MST1. Perhaps the most interesting observation is that our binary complex crystals contain the putative hydrolytic water in the active site (Fig. 2B) . This water mediates interactions between the active-site residues and the sulfamoyl group, which is a mimic of the phosphoryl moiety. In particular, the catalytic Lys273 and the side chain of Gln287 orient a water molecule for attack onto the sulfur of the sulfamoyl group (Fig. 2B) . A structural comparison with apo MST1 reveals that the Lys273 side chain rotates toward the hydrolytic water and sulfamoyl on TAM binding (Fig. S3B) . Thus, in the crystal containing the binary complex we captured the conformation of the active site poised to promote the transfer of threonine from threonyl adenylate onto A76 of tRNA Thr . The sulfamoyl group is further anchored in the active-site crevice through interactions between the nonbridging oxygen O1 and the guanidinium group of Arg162 (Fig. 2B) . Finally, the threonyl moiety interacts with both the amino acid residues and Zn 2þ (Fig. 2C) . The guanidinium group of Arg162 forms a hydrogen bond with the carbonyl oxygen, Tyr270 and Zn 2þ interact with the α-amino group, whereas Asp182 and Zn 2þ coordinate the Oγ of the threonyl moiety (Fig. 2C) . The subtle movements of Gln180, Asp182, and Tyr270 further facilitate the appropriate positioning of threonyl adenylate in the active site (Fig. S3C ). In conclusion, our results show unambiguously that MST1 is a genuine ThrRS. The enzyme binds with high affinity the analog of the threonyl-AMP conjugate through interactions with a tightly bound Zn 2þ ion. The conformation of the active site of MST1 in our crystal of the binary complex is poised for catalysis of the aminoacyl transfer.
Modeling of the MST1-tRNA Thr Complex and Mutational Study Suggest
Residues Important for tRNA Selectivity. Perhaps the most interesting feature of MST1 is its ability to recognize completely different anticodon loops, which, in turn, encode the same amino acid. The anticodon loops in tRNA Thr 1 and tRNA Thr 2 are not only different in their length but also in their sequence (Fig. 3A) . Because we were unable to obtain a crystal structure of MST1 in complex with either of the natural tRNA Thr species, we modeled the binary complex between MST1 and a regular tRNA Thr 2 using the crystal structure of the E. coli binary ThrRS-tRNA Thr complex as a model. Our modeling results reveal that the anticodon-binding domain of MST1 adopts a more open conformation when compared with the E. coli enzyme (Fig. 3B) . In particular, strands β19 and β20 as well as the connecting loops adopt an orientation that could create more space for the binding of the enlarged anticodon loop of tRNA Thr 1 (Fig. 3B) . This suggested that the solventexposed residues in this part of the anticodon-binding domain of MST1 might be responsible for tRNA discrimination.
To further understand the recognition of tRNA Thr 1 and tRNA Thr 2 , we mutated 15 solvent-exposed residues in the anticodon-binding domain of MST1 that might be in close proximity of the anticodon loop (Fig. 4) (18) . However, the native tRNA Asp , which harbors an m 1 G37 modification, does not serve as a substrate for ArgRS (19) . A nucleotide insertion at the anticodon loop of tRNA Gly leads to a frame-shift suppressor tRNA (20, 21) , although its recognition by the cognate aaRS remains unclear. The first example of dual-mode recognition of biological tRNAs by a single aaRS came from the mammalian seryl-tRNA synthetase (SerRS) (22) , which recognizes distinct T-loop sequences in two mitochondrial tRNA Ser species. Structural and mutational studies show that the distal α helix and C terminus, which are unique to mitochondrial SerRSs, are involved in binding both tRNA Ser isoacceptors (23 (17) . MST1 has also evolved since the split between Candida and Saccharomyces to recognize both mitochondrial tRNA Thr species. The structure of S. cerevisiae MST1 shows that its anticodon-binding domain adopts a distinct conformation when compared with the corresponding domains in bacterial apo ThrRSs (Fig. 3B) . In particular, strands β19 and β20 adopt a more open conformation, which would position them farther away from the anticodon loop. This structural rearrangement might be critical for accommodation of the larger anticodon loop of tRNA Table 2 ). The equivalent residue of Arg434 in E. coli ThrRS is Arg609, which has been shown to interact with the base of U36 (16) . However, Arg434 in MST1 does not contribute to the aminoacylation of the regular tRNA Thr 2 , suggesting that the context of the anticodon-binding domain in MST1 promoted the change-of-function of Arg434 to specifically recognize tRNA Thr 1 . This is further supported by the data that show that MST1 recognizes G37 and U38, but not A35 and U36 in tRNA Thr 1 . Moreover, our data suggest that the enlarged size of the anticodon loop is important for threonylation of tRNA Thr 1 . Thus, presence of an additional nucleotide in tRNA Thr 1 is likely to have an effect at the structural level, which is then sensed by Arg434 and in lesser part by Asn432 and Arg439.
In contrast, MST1 specifically recognizes G35 and U36 in the anticodon sequence of tRNA Thr 2 (Table 1 ). This clearly resembles the tRNA-recognition mechanism employed by the bacterial and yeast cytosolic ThrRSs. Because Arg434 does not partake in binding of the anticodon of tRNA Thr 2 (Table 2) , the question was raised as to what elements in MST1 might be responsible for the anticodon recognition. Our results suggest that residues in helix α11 (Tyr405 and in lesser part K408 and S409) and loop β16-α10 (Thr357 and Gln362) preferentially bind tRNA Thr 2 . The structural modeling suggests that Tyr405, and perhaps K408 and S409, might be important for binding of the 3′-end of the anticodon loop (A37 and A38), whereas Thr357 and Gln362 might interact with the anticodon (Fig. S5 B and C) . The possible role in anticodon recognition of Thr357, which is conserved among mitochondrial ThrRSs that recognize both tRNA Table 2) . Because structural modeling suggests that Thr357 could interact with either U34 or G35 (Fig. S5C) , it may well be that Thr357 may have evolved to compensate for the loss of interaction between Arg434 and the anticodon loop of tRNA Thr 2 . Also, Thr357 and Gln362 are located in loop β16-α10, which precedes the long α10-β17 loop that is important for MST1 homodimerization (see MST1 Is a Structural Homologue of the Bacterial but not the Archaeal ThrRS and Fig. 1B) . Thus, it is plausible that the interaction of Thr357 and Gln362 with the anticodon loop is relayed via α10-β17 loop to the active site of the other MST1 monomer. Consequently, the tRNA binding to one MST1 monomer could modulate the catalytic activity of the other monomer.
Although our data provide compelling evidence that different residues in MST1 contribute to recognition of different anticodon loops in two isoacceptor tRNAs, the detailed recognition mechanism remains elusive. Based on our findings, there could be two possible explanations as to how MST1 recognizes distinct anticodon loops in tRNA Thr 1 and tRNA Thr 2 . In one, the same site in the anticodon-binding domain utilizes different residues that recognize specific features in one but not the other tRNA. Alternatively, the anticodon-binding domain could harbor two distinct sites each responsible for binding one anticodon loop. It is important to note that these sites need not be in close proximity, in which this situation would be somewhat analogous to aaRSs that carry out the editing reaction, and where the 3′-end of the tRNA translocates from one pocket to the other. Because our results cannot distinguish between these two possibilities, further structural studies of the binary MST1-tRNA Thr complexes are warranted. In conclusion, our work shows that minor evolutionary changes in tRNA and aaRS genes could establish novel interactions that facilitate the reassignment of the genetic code.
The Mechanism of Amino Acid Selection and Editing by MST1. The editing function of aaRSs ensures that only a cognate amino acid is attached to a given tRNA and is thus essential for faithful translation of the genetic information. While different isoacceptor tRNAs harbor distinct structural elements, similar amino acids often lack any recognizable motifs that could be used in the selection process. For instance, ThrRS must be able to specifically select threonine from a pool of amino acids that includes valine and serine. Typically, the bacterial and archaeal ThrRSs employ cis-editing domains that hydrolyze misacylated seryl-tRNA Thr but not threonyl-tRNA Thr (24) (25) (26) . In some archaeal species, the catalytic and editing domains are expressed as separate proteins that act in concert to prevent formation of the mischarged tRNA Thr (27) . In Mycoplasma, ThrRSs harbor dysfunctional editing domains with unknown physiological function (28) . On the other hand, in striking contrast to the cytosolic and mitochondrial eukaryotic ThrRSs, yeast MST1 lacks the entire cis-editing domain (Fig. S2 A and B) . This raises a question about a possible mechanism by which MST1 prevents the misacylation of tRNA Thr and the subsequent misincorporation in the nascent protein of serine instead of threonine.
Perhaps the simplest explanation is that the catalytic site in MST1 efficiently selects for threonine over serine or valine. The discrimination against valine relies on the presence of Zn 2þ in the active site. Our structure shows that Zn 2þ coordinates both the α-amino and γ-hydroxyl groups the threonyl moiety. Because valine contains methyl in place of the side-chain hydroxyl, steric and electrostatic repulsions would prevent binding of valine in the The results are the average of at least three repeats with standard deviations indicated.
active-site groove as previously suggested (29) . However, this mechanism does not explain the basis for the rejection of serine. In fact, there is nothing in the aminoacylation site of MST1 that would prevent formation of seryl-AMP. An intriguing question is why the editing site of MST1 is dispensable in yeast mitochondria. Mitochondrial phenylalanyltRNA synthetases (PheRSs) also lack a cis-editing domain (30) , but their aminoacylation active sites are more selective toward amino acids than that of the cytosolic PheRSs. The increased selectivity for amino acid substrates of the mitochondrial PheRSs reduces the overall rate of misacylation to a tolerable level (31) . On the other hand, the removal of the N-terminal domain in E. coli ThrRS activates pretransfer editing that hydrolyzes misactivated seryl-AMP (32) . Thus, it could well be that the loss of the editing domain in MST1 either improves amino acid selectivity or accentuates the pretransfer editing function that acts on seryl-AMP conjugates. Alternatively, some unknown protein factor may act as an in trans editing enzyme.
Although it is obvious that a drastic mistranslation of mRNA could have detrimental effects on the overall health of the organism, there could be instances when mistranslation could be one of the adaptation mechanisms that allow the organism to survive. For instance, a recent study on a bacterial ThrRS has revealed that its editing function is inactivated under oxidative stress conditions (33) . Also, it has been proposed that mistranslation could be well tolerated, if not desired, in bacteria and eukaryotes under certain stress conditions (34) (35) (36) . In conclusion, while the physiological impact of ThrRS editing defects remains unclear, it is evident that future biochemical and structural studies on the mechanisms that govern the fidelity of ThrRS are warranted.
Experimental Procedures
Cloning, Mutagenesis and General Methods. S. cerevisiae MST1 gene was cloned into pET28a expression vector (Novagen) with an N-terminal six-His tag. Expression of recombinant proteins was induced at 37°C for 4 h with 0.5 mM isopropyl β-D-1-thiogalactopyranoside in Escherichia coli strain BL21-codon plus in LuriaBertani media. His-tagged proteins were purified according to standard procedures. Mitochondrial tRNA genes were cloned into pUC18 vector (GenScript). Mutations in MST1 and tRNA genes were introduced using QuikChange Site-Directed Mutagenesis Kit (Stratagene).
In Vitro Assays. In vitro tRNA transcripts were obtained using the T7 RNA polymerase runoff procedure as described (37) . Aminoacylation experiments were performed as described (38) in the presence of 100 mM Na-HEPES pH 7.2, 30 mM KCl, 10 mM MgCl 2 , 2 mM ATP, 25 μM [ 3 H] Thr (100 μCi∕mL), 0.2-9 μM tRNA transcripts, and 10-300 nM aaRSs.
